In DC microgrid (DC-MG), the loads connected with converters under strict control are considered as CPLs (constant power loads). When the voltage of CPLs decreases, the current increases and the negative impedance characteristic of CPLs cause instability easily. Fortunately, appropriate control for energy storage units could improve the system stability. However, most traditional control methods for bidirectional DC-DC power converters (BDC) connected with battery storage units do not quantitatively consider the stability influences of control parameters. This paper quantitatively analyzes the stability influence of the BDC current-mode control parameters and the negative impact of CPLs and derives the control parameter determination method for BDC interfaced storage systems. Large signal stability constraints are obtained in terms of mixed potential function. According to the constraints, the large signal stability is improved when the BDC control parameter k p increases, while the stability is degraded when the power of CPLs increases. The control parameter determination method is very effective and convenient to apply, and the appropriate parameter k p for BDC is determined. The regions of asymptotic stability (RAS) identify that the proposed control parameter determination method could improve the system stability effectively. The determination method is fully verified by the simulation and experimental results.
Introduction
With the development of DC power source and energy storage technology, more and more articles pay attention to the DC microgrid (DC-MG). DC-MG has broad application prospects, just as the maritime DC-MG in the research of Zheming Jin, Mehdi Savaghebi and Juan C. Vasquez et al. [1] , the more electric aircraft in the research of Giampaolo Buticchi, Levy Costa and Marco Liserre [2] . DC-MG consists of micro-sources, energy storage units, loads and power converters. A lot of research shows that the loads connected with converters could be considered as constant power loads (CPLs) under strict control [3] [4] [5] . The CPLs exhibit negative impedance characteristics when disturbance occurs, which would easily cause system instability. Moreover, there are multiple load converters and energy storage converters in DC-MG, the interacting of these converters could aggravate instability problems [6] . Consequently, the stability analysis is particularly important in DC-MG and that is a complex problem.
The power source is linked to the DC bus via the source converter. The loads are linked to the DC bus via strictly controlled converters and behave as CPLs. The battery pack is linked to the DC bus via the BDC. BDCs play a key role in the DC-MG and could improve the stability of the system. The control method for BDC is mainly to control the transferring power of the battery storage unit, while maintaining the voltage of the DC bus. The current-mode control is popular for the BDC interfaced battery storage systems. The control method consists of two feedback loops, an outer DC bus voltage loop and an inner battery current loop, which is just shown in Figure 2 . That control method is very effective and convenient to apply. Obviously, the parameter of the outer DC bus voltage loop is important to the system stability. 
Large Signal Modeling
In this paper, the large signal model of DC-MG is obtained according to the mixed potential function proposed in the research of R.K. BRAYTON and J.K. MOSER [29] . The standard form of the mixed potential function is shown as follows:
The accuracy of the function can be verified by Equation (2) .
Considering the different characteristics of each subsystem, the source converter is reasonably simplified to a current source iG, the closed-loop controlled load converter is equivalent to CPL P0, the BDC is equivalent to an impedance RB in the case of battery charging, which is regarded as a current source PB in the case of battery discharging. Under the regulation of the BDC, the voltage of BDCs play a key role in the DC-MG and could improve the stability of the system. The control method for BDC is mainly to control the transferring power of the battery storage unit, while maintaining the voltage of the DC bus. The current-mode control is popular for the BDC interfaced battery storage systems. The control method consists of two feedback loops, an outer DC bus voltage loop and an inner battery current loop, which is just shown in Figure 2 . That control method is very effective and convenient to apply. Obviously, the parameter of the outer DC bus voltage loop is important to the system stability. The power source is linked to the DC bus via the source converter. The loads are linked to the DC bus via strictly controlled converters and behave as CPLs. The battery pack is linked to the DC bus via the BDC. BDCs play a key role in the DC-MG and could improve the stability of the system. The control method for BDC is mainly to control the transferring power of the battery storage unit, while maintaining the voltage of the DC bus. The current-mode control is popular for the BDC interfaced battery storage systems. The control method consists of two feedback loops, an outer DC bus voltage loop and an inner battery current loop, which is just shown in Figure 2 . That control method is very effective and convenient to apply. Obviously, the parameter of the outer DC bus voltage loop is important to the system stability. 
Considering the different characteristics of each subsystem, the source converter is reasonably simplified to a current source iG, the closed-loop controlled load converter is equivalent to CPL P0, the BDC is equivalent to an impedance RB in the case of battery charging, which is regarded as a current source PB in the case of battery discharging. Under the regulation of the BDC, the voltage of 
Considering the different characteristics of each subsystem, the source converter is reasonably simplified to a current source i G , the closed-loop controlled load converter is equivalent to CPL P 0 , the BDC is equivalent to an impedance R B in the case of battery charging, which is regarded as a current source P B in the case of battery discharging. Under the regulation of the BDC, the voltage of bus capacitor is maintained at the reference value, and the DC bus exhibits the characteristics of a voltage source. The simplified system is shown in Figure 3 . bus capacitor is maintained at the reference value, and the DC bus exhibits the characteristics of a voltage source. The simplified system is shown in Figure 3 . The battery storage unit has different characteristics in different working conditions. Consequently, the large signal models of DC-MG in the case of battery charging and discharging need to be established respectively. Then, the mixed potential function is obtained according to the simplified DC-MG topology shown in Figure 3 .
The large signal model P(i,v) of the system in the case of battery charging is obtained according to the mixed potential function.
It can be seen from Equation (4) that the obtained function is correct.
The large signal model P(i,v) of DC-MG in the case of battery discharging is obtained according to the mixed potential function.
It can be seen from Equation (6) that the obtained mixed potential function is correct.
Large Signal Stability Analysis
Brayton and Moser proposed the large signal stability theorems [29] when proposing the mixed potential function. The suitable theorem for DC-MG is as follows: The battery storage unit has different characteristics in different working conditions. Consequently, the large signal models of DC-MG in the case of battery charging and discharging need to be established respectively. Then, the mixed potential function is obtained according to the simplified DC-MG topology shown in Figure 3 .
Brayton and Moser proposed the large signal stability theorems [29] when proposing the mixed potential function. The suitable theorem for DC-MG is as follows:
where µ1 is the minimum eigenvalue of L −1/2 A ii (i)L −1/2 , and µ2 is the minimum eigenvalue of And when |i| + |v| → ∞ , the parameters also satisfy:
When the system satisfies Equations (7) and (10) at the same time, the system can finally be stable under large disturbances.
A. Large signal stability constraint of the system in the case of battery charging According to the established mixed potential function in the case of battery charging, the large signal stability constraint is derived.
According to the proposed stability constraint Equation (13), the appropriate control parameters for BDC can be obtained. From the outer DC bus voltage loop, the following is derived: (14) where i bre f is the reference value of battery charging current, V dc is the sampled value of DC bus voltage, V re f is the reference value of DC bus voltage.
Ignoring the power loss of the BDC, the input power and output power of the BDC are equal.
where i B is the input current of BDC, i b is the battery charging current, v b is the battery voltage.
According to Equation (13), the next is obtained.
Then
Based on Equation (18), the appropriate control parameters for BDC in the case of battery charging can be obtained.
B. Large signal stability constraint of the system in the case of battery discharging.
Based on the established mixed potential function in the case of battery discharging, the large signal stability constraint is derived.
According to the above Equation (21), the appropriate control parameters for BDC can be obtained. From the outer DC bus voltage loop, the following is derived: (22) where i bre f is the reference value of battery discharging current, V dc is the sampled value of DC bus voltage, V re f is the reference value of DC bus voltage. Similarly, ignoring the power loss of the BDC, the input power and output power of the BDC are equal.
Based on Equation (24), the appropriate control parameters for BDC in the case of battery discharging can be obtained.
System Design and Region of Asymptotic Stability (RAS)
In order to verify the validity of the proposed control parameter determination method, a DC-MG as shown in Figure 3 is designed. The voltage of the DC bus is 380 V, the source power is 3 kW, the CPL increases from 0.5 kW to 5 kW. If the power of sources is greater than the power of loads, the power flow of the BDC is from the bus to the battery, if not, the power flows from the battery to the bus.
According to the proposed stability constraint for the control parameter for BDC determination, the large signal stability boundaries of various control parameter k p , filter capacitor C and filter inductor L can be obtained as shown in Figure 4 . It is obvious that in Figure 4 the large signal stability is improved when the BDC control parameter k p increases. Control parameters for BDC are determined considering the proposed large signal stability constraint, the filter inductor L is 1 mH, the filter capacitor C is 1000 μF, kp of the outer DC bus voltage loop in the case of battery charging is 0.3, kp of the outer DC bus voltage loop in the case of battery discharging is 0.6.
Then, according to the parameters of the system, the steady state equilibrium points of DC-MG in the case of battery charging and discharging are obtained. The following is derived: Control parameters for BDC are determined considering the proposed large signal stability constraint, the filter inductor L is 1 mH, the filter capacitor C is 1000 µF, k p of the outer DC bus voltage loop in the case of battery charging is 0.3, k p of the outer DC bus voltage loop in the case of battery discharging is 0.6.
Then, according to the parameters of the system, the steady state equilibrium points of DC-MG in the case of battery charging and discharging are obtained. The following is derived:
At the same time, the RAS of the system can be obtained based on the LaSalle theorem [30] .
The RAS of the system in the case of battery charging and discharging shown in Figure 5 identifies that the proposed control parameter determination method could improve the system stability effectively. The RAS in the case of battery charging contains the stable equilibrium point (7.89 A, 379.8 V), and is large enough (the voltage varies from 150 V to 610 V, current varies from 0 A to 270 A). The RAS in the case of battery discharging contains the stable equilibrium point (7.89 A, 379.8 V), and is large enough (the voltage varies from 150V to 610V, current varies from 0A to 240 A). Control parameters for BDC are determined considering the proposed large signal stability constraint, the filter inductor L is 1 mH, the filter capacitor C is 1000 μF, kp of the outer DC bus voltage loop in the case of battery charging is 0.3, kp of the outer DC bus voltage loop in the case of battery discharging is 0.6.
The RAS of the system in the case of battery charging and discharging shown in Figure 5 identifies that the proposed control parameter determination method could improve the system stability effectively. The RAS in the case of battery charging contains the stable equilibrium point (7.89 A, 379.8 V), and is large enough (the voltage varies from 150 V to 610 V, current varies from 0 A to 270 A). The RAS in the case of battery discharging contains the stable equilibrium point (7.89 A, 379.8 V), and is large enough (the voltage varies from 150V to 610V, current varies from 0A to 240 A). 
The Control Parameter Determination Results and Verification

Simulation Experimental Topology and Design
In order to verify the validity of the control parameter determination method for BDC, the DC-MG is constructed according to Figure 6 . The current source is the power source in the DC-MG, C bus is the bus capacitance, R 0 is the bus equivalent resistance, L is the filter inductor, C is the filter capacitor. The load is connected to the bus through a DC converter and the battery pack is connected to the bus through the BDC. The control method for load converter is voltage closed loop, the load connected with converter under strict control are considered as CPL. The control method for BDC consists of two feedback loops, an outer DC bus voltage loop and an inner battery current loop through the traditional PI control, which is just shown in Figure 2 . The large disturbances in the experiment are both the load power step. Then the simulation model is built in MATLAB and the experiment rig is setup.
to the bus through the BDC. The control method for load converter is voltage closed loop, the load connected with converter under strict control are considered as CPL. The control method for BDC consists of two feedback loops, an outer DC bus voltage loop and an inner battery current loop through the traditional PI control, which is just shown in Figure 2 . The large disturbances in the experiment are both the load power step. Then the simulation model is built in MATLAB and the experiment rig is setup. The experimental rig consists of photovoltaic simulator, battery energy storage unit and loads just as shown in Figure 7 . In the experiment, the DC power source is the Chroma photovoltaic simulator, which can work as a voltage source or a current source. In the experiment, the photovoltaic simulator is applied as a current source. The power semiconductor devices in the BDC and load converter are both the BSM100GB120DN2K IGBT. The controller is DSP TMS320F28335. The experimental rig consists of photovoltaic simulator, battery energy storage unit and loads just as shown in Figure 7 . In the experiment, the DC power source is the Chroma photovoltaic simulator, which can work as a voltage source or a current source. In the experiment, the photovoltaic simulator is applied as a current source. The power semiconductor devices in the BDC and load converter are both the BSM100GB120DN2K IGBT. The controller is DSP TMS320F28335.
to the bus through the BDC. The control method for load converter is voltage closed loop, the load connected with converter under strict control are considered as CPL. The control method for BDC consists of two feedback loops, an outer DC bus voltage loop and an inner battery current loop through the traditional PI control, which is just shown in Figure 2 . The large disturbances in the experiment are both the load power step. Then the simulation model is built in MATLAB and the experiment rig is setup. The experimental rig consists of photovoltaic simulator, battery energy storage unit and loads just as shown in Figure 7 . In the experiment, the DC power source is the Chroma photovoltaic simulator, which can work as a voltage source or a current source. In the experiment, the photovoltaic simulator is applied as a current source. The power semiconductor devices in the BDC and load converter are both the BSM100GB120DN2K IGBT. The controller is DSP TMS320F28335. 
Simulation Verification
A simple DC-MG according to Figure 6 is constructed in MATLAB to verify the control parameter determination for BDC could improve the system stability effectively. In the simulation, the DC bus voltage is 380 V, the filter inductor L is 1mH, the filter capacitor C is 1000 µF. The power of CPL steps from 500 W to 5 kW. Two groups of control parameters for BDC shown in Table 1 are adopted to verify the effectiveness of the parameter determination method. The k p of the outer DC bus voltage loop in the case of battery charging is obtained according to Equation (27):
The k p of the outer DC bus voltage loop in the case of battery discharging is obtained according to Equation (28): The simulation results are shown in Figure 8 . In Figure 8a ,b, the large disturbances are the same, both in the cases of power variations from 500 W to 5000 W. Comparing Figure 8a with Figure 8b , when the control parameters of the system meet the obtained constraints, the voltage of the DC bus could return to the reference 380 V as shown in Figure 8b . While the control parameters do not meet the constraints, the voltage of DC bus drops to 195 V and cannot return to the steady-state operating point as shown in Figure 8a . Based on the comparisons of Figure 8a ,b, the proposed control parameter determination method for BDC based on large signal stability can improve the stability of the DC-MG as shown in the simulation results.
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The kp of the outer DC bus voltage loop in the case of battery discharging is obtained according to Equation (28): Figure 8 . In Figure 8a ,b, the large disturbances are the same, both in the cases of power variations from 500 W to 5000 W. Comparing Figure 8a with Figure 8b , when the control parameters of the system meet the obtained constraints, the voltage of the DC bus could return to the reference 380 V as shown in Figure 8b . While the control parameters do not meet the constraints, the voltage of DC bus drops to 195 V and cannot return to the steady-state operating point as shown in Figure 8a . Based on the comparisons of Figure 8a and Figure 8b , the proposed control parameter determination method for BDC based on large signal stability can improve the stability of the DC-MG as shown in the simulation results. 
Experimental Verification
In this section, experimental verification is reported in order to verify that the control parameter determination for BDC could improve the system stability effectively. In the experimental rig, the DC bus voltage is 50 V, the power of CPL steps from 20 W to 100 W, the filter inductor L is 1 mH, and the filter capacitor C is 4700 µF. Two groups of control parameters for BDC shown in Table 2 are adopted to verify the effectiveness of the parameter determination method. The control parameters for BDC in the case of battery charging can be obtained based on Equation (18) .
The control parameters for BDC in the case of battery discharging can be obtained based on Equation (24) . The experiment results are shown in Figure 9 . In Figure 9a ,b, the large disturbances are the same, in both cases of power variations from 20 W to 100 W. Comparing Figure 9a with Figure 9b , when the control parameters of the system meet the obtained constraints, the voltage of the DC bus could return to the reference 50 V as shown in Figure 9b . While the control parameters do not meet the constraints, the voltage of DC bus drops to 45 V and cannot return to the steady-state operating point as shown in Figure 9a . Based on the comparisons of Figure 9a ,b, the proposed control parameter determination method for BDC based on large signal stability can improve the stability of the DC-MG as shown in the experimental results. In order to further verify the control parameter determination for BDC which could improve the system stability effectively, another experiment when CPL steps from 20W to 200W is set. Similarly, two groups of control parameters for BDC shown in Table 3 are adopted to verify the effectiveness of the parameter determination method. The control parameters for BDC in the case of battery charging can be obtained based on Equation (18) .
The control parameters for BDC in the case of battery discharging can be obtained based on Equation (24) . In order to further verify the control parameter determination for BDC which could improve the system stability effectively, another experiment when CPL steps from 20W to 200W is set. Similarly, two groups of control parameters for BDC shown in Table 3 are adopted to verify the effectiveness of the parameter determination method. The control parameters for BDC in the case of battery charging can be obtained based on Equation (18) .
The control parameters for BDC in the case of battery discharging can be obtained based on Equation (24) . The experimental results are shown in Figure 10 . In Figure 10a ,b, the large disturbances are the same, in both cases of power variations from 20 W to 200 W. Compared Figure 10a with Figure 10b , when the control parameters of the system meet the obtained constraints, the voltage of the DC bus could return to the reference 50 V as shown in Figure 10b . While the control parameters do not meet the constraints, the voltage of DC bus drops to 43 V and cannot return to the steady-state operating point as shown in Figure 10a . Based on the comparisons of Figure 10a ,b, the proposed control parameter determination method for BDC based on large signal stability can improve the stability of the DC-MG as shown in the experimental results. 
Conclusions
This paper investigates the large signal stability of the DC-MG and proposes a control parameter determination method for BDC interfaced storage systems. The BDC control parameter, the power of the CPLs and the system filter parameters are all considered at the same time to ensure system stability. The large signal stability constraints of system are obtained. Finally, the BDC control parameters determining method is derived to ensure the large signal stability. The proposed method is very effective and convenient to apply. According to the method, the appropriate parameter kp for BDC is determined. The RAS of the system is large enough, which identifies that the control parameter determination method could improve the system large signal stability effectively. The simulation and experimental results also verify the validity of the given method for improving system stability. 
This paper investigates the large signal stability of the DC-MG and proposes a control parameter determination method for BDC interfaced storage systems. The BDC control parameter, the power of the CPLs and the system filter parameters are all considered at the same time to ensure system stability. The large signal stability constraints of system are obtained. Finally, the BDC control parameters determining method is derived to ensure the large signal stability. The proposed method is very effective and convenient to apply. According to the method, the appropriate parameter k p for BDC is determined. The RAS of the system is large enough, which identifies that the control parameter determination method could improve the system large signal stability effectively. The simulation and experimental results also verify the validity of the given method for improving system stability.
